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Introduction
The search for enzymes with catalytic properties of potential application in biocatalysis and biotechnology has led to the discovery of bacterial enzymes known as azoreductases. These enzymes were found in several diverse bacterial species catalysing the reductive cleavage of azo-dyes containing one or more azo-bonds (R 1 -N=N-R 2 ) to their corresponding amines [1] [2] [3] [4] [5] [6] [7] . Aromatic azo-dyes are artificial chemicals with potentially harmful properties causing health and environmental concerns. Recently, we have described a FMN-containing flavoenzyme from Bacillus subtilis, termed YhdA, capable of cleaving azo-dyes such as Cibachron Marine at the expense of NADPH [8] . YhdA shares sequence similarity with a family of flavin-(FMN or FAD) dependent quinone reductases such as mammalian NQO1 and yeast Lot6p [9] . Moreover, YhdA and these eukaryotic quinone reductases possess a similar protein topology, a so-called flavodoxin fold consisting of 5 α-helices sandwiching a 5-stranded parallel β-sheet in the centre [10, 11] . Due to these similarities, we were interested to analyze whether YhdA accepts quinones as substrates. In the present study, it is demonstrated that the enzyme indeed reduces a variety of quinones by a ping-pong bi bi kinetic mechanism with a clear preference for NADPH as reducing agent. As could be expected, the turnover rates for quinones are much higher than those obtained for artificial azo-compounds in line with the assumption that quinones, unlike azo-dyes, are cognate enzyme substrates.
Although bacterial and eukaryotic quinone reductases possess a similar protein topology, they diverge with respect to their oligomeric structure: while eukaryotic proteins form dimers, YhdA and Azo1 (from Staphylococcus aureus, [4] ) form tetramers [8, 9] . In the case of YhdA, the tetramer is formed by two dimers, which interact through an extended concave surface. The interface between dimers is stabilized by four salt bridges formed by the side chains of residues K109 and D137 of structural neighbours (see Scheme 1) . This higher oligomerisation state was held responsible for the increased thermal stability of YhdA (T m = 87 °C), as compared to the dimeric yeast homolog Lot6p (T m = 60.2 °C) [12] . To test this hypothesis and to obtain more insight into the importance of these salt bridges for tetramer assembly, we have created four YhdA protein variants: K109L, D137L, K109L/D137L and K109D/D137K. Characterisation of the variants showed that single replacement of K109 or D137 disrupts the tetramer whereas the two double replacement protein variants appear to have conserved some tendency to form tetramers. Interestingly, all of the variants have a similar melting point as wild type protein suggesting that the high thermostability is an intrinsic property of the dimer. Surprisingly, the protein variants showed dramatically reduced enzymatic activity, which is due to the break-down of the reductive half reaction, suggesting that structural changes impede docking of NADPH to the active site. Crystallisation and concomitant X-ray crystallographic determination of variant structures indicate that increased mobility of a highly conserved glycine-rich loop in the vicinity of the isoalloxazine ring system might be responsible for the loss of enzyme activity.
Results
YhdA has recently been classified as an NADPH:FMN oxidoreductase with the ability to reductively cleave azo dyes [8] . Lot6p, the YhdA homolog in yeast, was shown to reduce quinones to their hydroquinone state [12] , hence we have tested YhdA for its quinone reductase activity. Steady state measurements using several quinone substrates as electron acceptors resulted in much higher turnover rates than reported for the reduction of azo dyes (data not shown). For a more detailed characterisation 2-hydroxy-p-naphthoquinone was chosen as a representative substrate. Figure 1 shows the double reciprocal plot of initial velocity measurements in the presence of NADPH as the electron donor and 2-hydroxy-p-naphthoquinone as electron acceptor. The family of parallel lines obtained from data analysis, indicates a ping-pong bi-bi mechanism where both substrates consecutively bind to the catalytic site, i.e. the electron donor NADPH binds first, then dissociates to vacate the active site for binding of the electron accepting quinone substrate. The same mechanism was proposed for the homologous yeast enzyme Lot6p and other quinone reductases [12] . (Table 3) . Hence it can be concluded that the loss of enzymatic activity in the four protein variants observed in steady-state measurements is due to the collapse of the reduction step, i.e. the transfer of electrons from NADPH to the flavin cofactor.
YhdA has been described as an enzyme exhibiting high thermostability, with a melting temperature of 86.5 °C, determined by following thermal unfolding of the protein by CD spectroscopy [8] . The high thermostability of the tetrameric YhdA in comparison to its dimeric yeast homologue Lot6p (T m = 60 °C) gave rise to the assumption that the tetrameric state stabilizes the protein toward thermal unfolding [13] . Both proteins possess a common structural topology, the so-called flavodoxinlike fold. They exhibit the same dimer architecture, forming a large, slightly concave surface, characterized by four α helices spanning its entire width [11] . In the case of Lot6p, several charged residues in the central part of this surface appear to interfere with the tetrameric assembly. These residues are replaced by hydrophobic or uncharged residues in YhdA, which allows tetramer formation by rotating the two dimers against each other by 90° and packing of the two dimers. To test the hypothesis that tetramerisation is responsible for increased thermostability, the apparent melting temperatures of the protein variants were determined by CD spectrometry and differential scanning calorimetry. Surprisingly, no significant changes in the thermostability of the protein variants were observed ( Table 2) . Thus it can be concluded that the higher oligomerisation state of YhdA compared to Lot6p is not the governing factor for achieving higher thermostability, as all four predominantly dimeric protein variants show similar unfolding temperatures as the tetrameric wild type protein.
All four YhdA variants were crystallized. Three structures -of the K109L, the D137L and K109D/D137K variant -were determined and refined to varying crystallographic resolution ( Table 4 ).
The crystals obtained for the K109L/D137L variant were isomorphous to the hexagonal crystal form of wild type YhdA (PDB entry: 1NNI) but diffracted to lower resolution and therefore this structure was not further refined.
The YhdA protomer belongs to the SCOP family [14] of "NADPH dependent FMN reductases". The closest structural neighbours -according to a SSM analysis [15] -are a NAD(P)Hdependent FMN reductase from Pseudomonas aeruginosa (PDB entry 1x77) [16] , ArsH from
Sinorhizobium meliloti (2q62) [17] , a NADH-dependent FMN reductase from the EDTA-degrading bacterium bnc1 (2vzf, 2vzh, 2vzj) [18] and ArsH from Shigella flexneri (2fzv) [19] . The rms deviations are between 1.6 and 2.0 Å for 150 to 160 aligned C-α-atoms.
The oligomeric states of the different variants in the crystalline state were analyzed using the MSD-PISA server [20] by taking into account all interactions of protein chains within the asymmetric unit as well as with symmetry equivalent molecules. The crystal structure of wild type YhdA contains only one protein chain in the asymmetric unit, but a tetramer is formed by two crystallographic diads (space group P6 2 22), which is predicted to be stable also in solution. This prediction was confirmed experimentally by molecular sieve chromatography and native PAGE (see Table 1 and Figure 2 ). This tetramer exhibits 222 symmetry and can be considered as a dimer of dimers ( Figure 4 ) with a significantly larger interaction surface within the dimers (~1100 Å 2 buried surface area per chain) than between them (~660 Å 2 ). Four individual salt bridges involving K109 and D137 are formed across the dimer-dimer interface (Scheme 1). Lys-109 also forms hydrogen bonds to three carbonyl groups in the glycine rich loop (G 106 -GG-K 109 -GG 111 ) of the neighbouring subunit thereby stabilizing this loop, which is in close proximity of the N(1)-C(2=O) locus of the flavin ( Figure 7 ). Based on the observed isomorphicity of crystals obtained for the K109L/D137L variant, the same oligomeric state can safely be assumed to be present, although the salt bridge between Lys-109 and Asp-137 cannot be formed in this case. Most of the closest structural neighbours mentioned above also form tetramers in the crystal and the mode of oligomerisation is the same as in YhdA. The only exception is the NAD(P)Hdependent FMN reductase from Pseudomonas aeruginosa, which forms a dimer again equivalent to
YhdA. In this context it is noteworthy that K109 and D137 are only conserved among putative oxidoreductases in the genera Bacillus and are not found in any of the other structurally related
proteins. This clearly indicates that tetramer formation is not solely dependent on the presence of the salt-bridges formed between these residues.
The asymmetric unit of crystals of the K109D/D137K variant contains 12 protein chains forming three tetramers, which are each very similar to the wild type tetramer. Root-mean-square deviations were in the range of 0.3 to 0.4 Å after superposition of 664 to 669 C-α-atoms (>90% of the total number of Cα-atoms in the tetramers). Although the "inverse" amino acid exchange should in principle allow the formation of an inter-dimer salt bridge, this interaction is not observed in the crystal structure. In addition, the stabilizing interactions of the lysine with the carbonyl groups in the glycine rich loop in the neighbouring protomer are not formed ( Figure 7) . Accordingly, PISA analysis predicts a lower stability for this tetramer (calculated ΔG diss =4.5-6.2 kcal/mol compared to 9.8 kcal/mol for native YhdA) and thus could more easily dissociate into dimers in solution.
The remaining two variants (K109L and D137L) show different oligomeric states in each case with 4 protomers in the asymmetric unit, which form two dimers identical to the dimers found in the other YhdA structures. In the crystal, these two dimers also form tetramers which -according to the (Scheme 1). and therefore we hypothesized that these interactions are responsible for tetramer stabilisation and this in turn will lead to increased thermostability. Based on this hypothesis we generated two variants with either K109 or D137 replaced by leucine and a third variant with both residues exchanged to leucine. In a fourth variant we have swapped the interacting residues in an attempt to restore the salt bridge and thus redesign an intact dimer-dimer interaction. The role of the salt bridges for tetramer assembly was confirmed by our experimental results as the two single replacement variants were exclusively found as dimers both in solution and in the crystal. The two double variants predominantly exist as dimers in solution although both showed some tendency to form tetramers in solution (Table 2 and Figure 3 ). In the crystal, both of them were clearly present as tetramers showing similar packing as wild type protein ( Figure 5 ). Interestingly, inverting the position of the interaction partners in the K109D/D137K protein variant does not rebuild the salt bridge as is clearly seen in the crystal structure ( Figure 7, panel B) . Instead, K137 forms a hydrogen bond to the backbone C=O of G108 and not to the carboxyl group of D109.
However, none of the protein variants exhibited decreased thermostability (Table 2) , clearly contradicting our initial hypothesis that tetramer assembly is responsible for higher thermostability.
Obviously, thermostability in this case is not a function of quaternary structure but an intrinsic property of YhdA protomers and/or the dimer.
Surprisingly, quinone reductase activity was severely compromised in all variants due to a lack of reduction of the FMN cofactor by NADPH. This was clearly unexpected since all variants appear to have similar active sites as judged by their UV/Vis-absorbance spectrum. Moreover, at a first glance, the determined structures of the variants showed no conspicuous differences that would have predicted altered enzymatic properties. Closer inspection, however, revealed that a glycine-rich loop in the vicinity of the isoalloxazine ring system with glycine 106 directly interacting with C(2=O) of the pyrimidine moiety shows substantially altered mobility (Figure 8 ). In wild type YhdA this loop is stabilized by K109 of a neighbouring subunit (Scheme 1 and Figure 7 ), in the variants this interaction is lost either due to replacement of the lysine residue or, in the case of the D137L variant by abrogated tetramer formation. It appears that the higher mobility of the glycine-rich loop is incompatible with binding of NADPH and/or delivery of a hydride to the flavin cofacor and hence K109 plays a dual role by supporting tetramer assembly through its interaction with D137 and stabilisation of the glycine-rich loop necessary to enable flavin reduction by NADPH. Unfortunately, attempts to obtain a crystal structure with NADPH or NADP + bound to the active site have so far been unsuccessful (for a model see supplementary Figure S1 ).
Our findings suggest that tetramer assembly of YhdA is not responsible for the unusual thermostability, however, the quaternary structure appears to be required for catalytic activity. Although wild type enzyme clearly exists as a tetramer in solution, it is conceivable that extreme environmental conditions (e. g. high temperature) may cause dissociation of the tetramer into dimers and hence result in deactivation of quinone reductase activity. Since YhdA dimers exhibit the same thermal stability as tetramers, this mode of regulation is reversible, i.e. tetramers can reform once conditions favouring tetramer assembly are restored. At this point it is not clear whether regulation of quinone reductase activity through reversible dimer-tetramer equilibrium is relevant for the bacterium and to which end it serves in adaptation to environmental challenges.
Experimental Procedures
Reagents. The nickel-nitrilotriacetic acid agarose (Ni-NTA) was from Qiagen. All chemicals were of the highest grade commercially available and obtained from Sigma-Aldrich, Fluka, Merck, or Roth.
Cloning, Recombinant Expression and Purification. The cloning of yhdA from Bacillus subtilis into the pET21a vector, the recombinant expression of YhdA using the host expression strain E. coli BL21 (DE3) and the protein purification procedure is described in [8] . The Sephadex Desalting Column PD-10 from GE Healthcare was used for buffer exchange.
Site-directed mutagenesis. Site-directed mutagenesis was carried out as specified in the QuikChange Performing reductive half reaction 40 µM enzyme and NADPH in a concentration range from 0.5 to 8 mM in 100 mM Tris-HCl, pH 7.5 were mixed by the stopped flow device. The absorbance decrease at 453 nm was monitored spectrophotometrically.
To determine rate constants for the oxidative half reaction, 40 µM enzyme in 100 mM TrisHCl, pH 8.4 was first reduced chemically by titration of 14 mM sodium dithionite. After mixing with 2-hydroxy-p-naphthoquinone in concentrations from 25 to 500 µM, the reoxidation of the FMN cofactor was monitored at 453 nm. For the preparation of the quinone solution, a 10 mM stock solution of 2-hydroxy-p-naphthoquinone in ethanol was diluted with 100 mM Tris-HCl, pH 8.4 to the final concentrations. All samples were prepared by flushing with nitrogen followed by incubation in the glove box environment.
Thermal unfolding experiments. CD Spectroscopy: Thermal unfolding of the muteins was monitored in 0.1 cm cuvettes using a Jasco J-500 spectropolarimeter at 225 nm. The cuvette was placed in a thermostated cell holder. The temperature was raised continuously from 5 to 95 °C at a heating rate of 1 °C/min. The enzyme concentration was 50 µM, in 100 mM Tris-HCl at pH 7.5. Differential scanning calorimetry (DSC) was performed with a VP-DSC, MicroCal calorimeter. After scanning a bufferbuffer baseline of 100 mM Tris-HCl at pH 7.5, 600 µL samples containing 1-3 mg/mL protein were scanned at a heating rate of 1 °C/min in a temperature range from 5 to 110 °C.
X-ray crystal structures
The YhdA variants were crystallized at room temperature using the batch crystallization method with Diffraction datasets were collected at beamlines X13 (λ=0.8148 Å) and X11 (λ=0.8010 Å) at the EMBL/DESY Hamburg. In all cases, data reduction involved the HKL package [24] as well as software from the CCP4 suite [25] .
The structures were solved by molecular replacement with the program PHASER [26] using the structure of wild type YhdA (PDB entry: 1NNI) as search model and were further refined using the program PHENIX [27] . Model building and fitting steps involved the graphics program Coot [28] using σ A -weighted 2F o -F c and F o -F c electron density maps [29] . R free -values [30] were computed from 5% randomly chosen reflections not used throughout the refinement. In the higher resolution structures, water molecules were placed automatically into difference electron density maps and were retained or rejected based on geometric criteria as well as on their refined B-factors. NCS restraints were applied during all refinement steps. Details of the data collection, processing and structure refinement are summarized in Table 5 . Molprobity Ramachandran plots [31] showed no outliers in the higher resolution structures (D137L and K109D/D137K) and 0.6% outliers in the lower resolution structure (K109L). Coordinates and structure factors have been deposited with the Protein Data Bank under the accession numbers 3GFQ (K109L), 3GFR (D137L) and 3GFS (K109D/D137K).
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Tables
Turnover measurements were carried out with NADPH and oxygen as substrates. 
